The effects of Cd2+, Cu2+, Mg2+, and Zn2+ on the decomposition of citric acid by a Klebsiella sp. were studied by monitoring the degradation of [14C]citrate. The carbon concentration used was 10 ,ug of C liter-', and the media were designed to provide at least 95% of the citrate complexed to the metal studied. After 72 h of incubation, 80% of the uncomplexed citric acid and 76% of the magnesium citrate had been decomposed. A marked inhibition was observed when Cd2+, Cu2+, or Zn2+ was bound to the organic anion; only 23% of the cadmium citrate, 14% of the zinc citrate, and 5% of the cuprous citrate had been decomposed. The effects were not the result of toxicity, since experiments run with [14C]glucose (nonchelating compound) instead of citrate resulted in similar decomposition rates regardless of the presence of the metal. To examine whether the binding of a metal to citrate enhanced its uptake by the Klebsiella sp., we studied the relative uptake of 65Zn in citrate-and in glucose-containing media. No such effect could be observed, with the uptake of Zn2+ being higher in the glucose-containing media. The study shows that metals may render low-molecular-weight organic acids, such as citric acid, resistant to bacterial degradation. This stresses the importance of metals in influencing microbial decomposition of organic compounds, not only as a result of toxicity.
The mechanisms controlling the mobility of metals in soils constitute a subject of increasing importance. Organic compounds play an essential role by chelating metals, rendering them more or less soluble in the soil horizons. Most forest ecosystems are affected to some degree by podzolization, in which soluble organic acids chelate and mobilize metals (6, 8) . Hue et al. (15) reported that aluminum-organic acid complexes accounted for 93% of the total aluminum concentrations in solution in an acidic subsoil (pH 5.0).
The organic compounds in soil solutions which form stable complexes with metals are (i) high-molecular-weight, largely insoluble humic substances, and (ii) low-molecular-weight nonhumic substances, exhibiting a range of solubilities in association with metals (30) . The principal functional groups involved in metal binding are the carboxyl and the hydroxyl groups (14) . Low-molecular-weight organic substances with metal-chelating capacities include organic acids and amino acids derived from plant and animal residues, microbial exudates, root secretion, and canopy drip. High concentrations would be expected in zones where biological activity is high, such as in the rhizosphere and near decomposing plant residues. The low-molecular-weight organic acids can be broadly grouped into three categories (28) : (i) volatile aliphatic acids, e.g., acetic and formic acids; (ii) nonvolatile aliphatic acids, e.g., citric and oxalic acids; and (iii) aromatic acids, e.g., salicylic acid. The acids in the second group are of special interest because of their ubiquitous occurrence and high metal-complexing capacity. Considerable amounts of these acids have been found in soil (6, 15, 29 In addition to the effect of physicochemical factors, the stability of metal-organic complexes in soils is influenced by biological activity, since microorganisms may use the or-* Corresponding author. ganic ligands as carbon and energy sources. However, very little is known about the effects of chemical speciation on the mineralization of organic compounds. The complexation of humic substances by metal cations has been suggested as an explanation of the persistence of humic material, since the addition of Al3", Cu2", and Zn2+ protected the material from decomposition (1, 16) . Martin et al. (20) showed that microbial degradation of polysaccharides was sharply reduced after the addition of Al3", Cu2+, Fe2+, or Zn2+. The association of organic material with Al3+ has been reported to be the cause of carbon accumulations in acidic highland soils and tropical volcanic soils (5, 13) . The development of an understanding of the biological cycling of metal-organic complexes has been limited by the difficulty in studying the complexes in a chemically rigorous manner, which is necessary if alteration of the complexes through reactions between the complex and chemical components in the test milieu is to be avoided. In addition, interpretation of the results may be difficult because of the possible toxicity of the metal involved in complexation.
This study was made to determine the effects of Cd2+, Cu2+, Mg2+, and Zn2+ on the bacterial degradation of citrate by a Klebsiella sp. at a naturally occurring low C concentration (10 ,ug liter-'). The media and conditions were chosen to provide data that would permit the interpretation of the effects of chemical speciation on microbial mineralization; i.e., the compositions of the media were designed to allow for the dominance of the complex to be studied, and the toxicity of the metals was taken into account.
MATERIALS AND METHODS
Organism. The citrate-degrading Klebsiella sp. strain TV1 was used throughout this study. The isolation of the bacteria from sewage water was described previously (7) . The stock culture was stored on nutrient agar slants at 4°C and transferred to fresh agar slants at 4-month intervals.
Experimental procedure. The media used in the degradation studies were designed so that at least 95% of the citrate was complexed to the metal studied. The stability constants in the calculations were obtained from references 19, 21, 25, and 26. To avoid interference from medium constituents, i.e., organic and inorganic ions reacting chemically with the metal-organic complex under study, great care was taken in devising the media used in the experiments. Water of Milli-Q quality, obtained from a Millipore reagent-grade water system, was used in all solutions, and the concentrations of essential inorganic ions were kept at a minimum. Tests of mineralization were performed by measuring the degradation of ['4C]citric acid (10 pLg of C liter-) in 125-ml Erlenmeyer flasks (polypropylene) as described by Madsen and Alexander (18) . All glassware and polypropylene containers were cleaned by being soaked in HNO3-H20 (1:3) overnight and then rinsed six times in Milli-Q water. The experimental medium was designed by Madsen and Alexander (18) The different metals (Cd, Cu, Mg, and Zn) to be complexed with citrate were added as chloride salts. The ionic strength of all media was adjusted to 0.1 M by the addition of KCI. The media were adjusted to pH 6.05 with 0.1 M HCI or KOH, and 60-ml portions were placed in the polypropylene flasks. The flasks were autoclaved at 120°C for 30 min, and the pH was randomly measured afterwards to check whether it had changed as a result of autoclaving. Citric acid was autoclaved separately and added under sterile conditions. The solution contained radioactive citric acid to yield a final radioactivity of 5000 dpm ml-'. Flasks with identical metal concentrations (5 x 10-3 M Cd2+, 3 x 10-5 M Cu2+, 5 x 10-3 M Mg2+, or 3 x 10-4 M Zn2+), but with glucose (10 pg of C liter-') instead of citric acid, were also incubated to check the toxicity of the metals. The glucose solution contained [14C]glucose to yield a final radioactivity of 2,000 dpm ml-'. The experiments were repeated at least three times, and the results were always similar.
Inocula. The Klebsiella sp. was grown in citrate enrichment medium at room temperature for 24 h. The medium composition was described previously (7) . The cells were harvested by centrifugation (6,000 x g for 10 min at 4°C) at late exponential phase and washed in 0.1 M KCl. After resuspension in KCI, 1-ml portions of the suspension were added to the experimental flasks to give a final cell density of 106 cells ml-'. The density of the bacterial suspension was determined in terms of the optical density (A550,).
Decomposition rates. Rates of citrate decomposition were determined by using six parallel flasks, whereas the glucose mineralization rates were determined in triplicate. The flasks were incubated at room temperature on a rotary shaker (120 rpm). Samples were taken from flasks at appropriate time intervals for assay of 14 C activity. One analysis per flask was made at each sampling time. The samples (1 ml) were taken aseptically from the incubated flasks with sterile 1-ml syringes, placed in test tubes, acidified with one drop of concentrated H2SO4, and then flushed with air for 1 min to remove CO2. Samples (0.4 ml) were added to scintillation vials containing 5 ml of scintillation cocktail (HP Ready Solve; Beckman Instruments, Inc.). The vials were shaken vigorously, placed in the dark for 10 min, and then assayed for radioactivity with a liquid scintillation counter (Beckman LS 100). The duration of counting for each sample was programmed such that the 2cr error was less than 6% in each determination. Zn2+ uptake. The uptake of Zn2+ in citrate-and in glucose-containing media was studied by measuring the uptake of 65Zn2+ into the cells. The composition of the media was the same as in the degradation studies, except for the use of radioactive Zn2+. The metal was added to yield a final concentration of 7 x 10-7 M (29,000 dpm ml-'). The uptake studies were conducted by using 125-ml Erlenmeyer flasks (polypropylene) containing 50-ml portions of the media and the Klebsiella sp. at a density of 4 x 107 cells ml-'. The inoculum was prepared as previously described. Flasks with citrate-and with glucose-containing media were incubated at room temperature. Samples (1 ml) were taken out after 2, 4, 6, 8, 10, 20, 30 , and 40 min, and the bacteria was collected by filtration through membrane filters (Nuclepore polycarbonate filters; pore size, 0.2 ptm; diameter, 25 mm). The cells were washed three times with 1 ml of nonradioactive Zn solution (7 x 10-7 M), and the filters were placed in 20-ml scintillation vials containing 15 ml of scintillation cocktail. The vials were shaken vigorously, placed in the dark for 10 min, and then assayed for radioactivity by liquid scintillation counting (see above). The values were corrected for 65Zn uptake by the filters, which was about 0.1% of the total 65Zn of the sample. (Fig. 1) . After 72 h, 80% of the uncomplexed citric acid had been decomposed. Magnesium citrate was degraded at almost the same rate, with 76% of the metal-organic complex converted to CO2 at the end of incubation. A marked effect on the citrate degradation was observed when Cd, Cu, or Zn was bound to the organic anion (Fig. 1) . After 72 h, 77% (cadmium citrate), 86% (zinc citrate), and 95% (cuprous citrate) of the initially added carbon remained in the media. It is possible that the small amounts of citrate mineralized were due to degradation of uncomplexed citric acid, since it is very difficult to prepare a medium containing exactly the predicted amount (95%) of the citric acid bound to the different metals. instead of citric acid. Decomposition of glucose occurred at similar rates in the presence of Cu2+, Mg2+, and Zn2+ (Fig.  2) . About the same amount (50 to 60%) of the glucose added was also decomposed in the medium without any of the metals, whereas decomposition in the presence of Cd2+ was somewhat retarded. A great deal of the remaining 14C in the medium was probably immobilized by the cells (7). Hence, the differences in citrate decomposition rates for the metal complexes were not a result of toxicity. The toxicity of Cd2+, Cu2+, and Zn2+ to the Klebsiella strain has been determined in a separate study (7) , and those results indicate that the metal concentrations used in the present study were nontoxic.
To examine whether the binding of a metal to citrate enhanced its uptake by the Klebsiella sp., the cell uptake of 65Zn2+ in citrate-and in glucose-containing media was studied. No such effect could be seen. The uptake of Zn2+ into the cells was higher in the glucose-containing medium throughout the incubation (Fig. 3) . At the end of the incubation time (40 min), 1 x 10-12 mol of Zn2+ per 4 x 107 cells (initial density) was taken up in the citrate medium, whereas 4 x 10-12 mol of Zn2+ per 4 x 107 cells (initial density) was taken up in the glucose medium.
DISCUSSION
The results show that the effects on citrate decomposition depended on the metal involved in complexation. Martin et al. (20) also found that the microbial degradation of polysaccharides was influenced by the metal bound to it. A nitrilotriacetate (NTA)-degrading Pseudomonas sp. has been reported to decompose Ca, Cd, Cu, Fe, Mn, Mg, and Zn chelates of NTA at nearly equal rates, whereas the Ni-NTA chelate was not degraded (11). Bjorndal et al. (4) found no degradation of Cu-and Cd-NTA chelates and only reduced degradation of Zn-and Ni-NTA chelates in a mineral-salts medium seeded with sewage sludge; however, in an activated sludge treatment system, Cu-and Cd-NTA chelates were found to be degraded, whereas the Ni-NTA chelate was persistent. This was probably due to the difficulty of determining the extent to which the metal-organic complex 2-4- occurs in a nondefined medium. It is necessary to use defined media when studying the effects of different metals on the decomposition of organic anions. Only when a number of such studies have been made will it be possible to make general conclusions about the mechanisms behind differences in the susceptibilities of metal-organic complexes to microbial degradation.
Citric acid is often used in microbial growth media to complex metals, thereby reducing the toxicity. Uptake of Fe3+ by Salmonella typhimurium (24) and the toxicity of Cd2+ and Zn2+ to Aerobacter aerogenes (22) were shown to be reduced by the addition of citric acid. However, reports of the influence of complexing agents on metal uptake by various organisms are contradictory. Citrate transport in Bacillus subtilis has been shown to be dependent on the presence of divalent cations such as Mg2+, Mn2+, Co2+, or Ni2+ (3, 31) . Citrate has also been reported to favor metal uptake in the cyanobacterium Anacystis nidulans (27). Lighthart (17) observed that a citrate-utilizing Pseudomonas sp. was inhibited at Cd2+ concentrations exceeding 10-4 M in media containing glucose as the energy source. When citric acid was added, the inhibition occurred at a 1,000-fold-lower Cd2+ concentration. The author suggested that organisms which are unable to metabolize the metal-organic complex may be inhibited only by the uncomplexed metal, whereas organisms able to metabolize the complexing moiety as a substrate may potentially be inhibited to a greater extent by the complexed species.
One reason why metal-organic complexes are not degraded could be the toxic effect of the added metal, i.e., uncomplexed cations. This theory was not supported by this study, since no toxic effect could be seen on the glucose decomposition at the same metal concentrations as in the citric acid-containing media (Fig. 2) . Madsen 
